The QUIJOTE Experiment was developed to study the polarization in the Cosmic Microwave Background (CMB) over the frequency range of 10-50 GHz. Its first instrument, the Multi Frequency Instrument (MFI), measures in the range 10-20 GHz which coincides with one of the naturally transparent windows in the atmosphere. The Tenerife Microwave Spectrometer (TMS) has been designed to investigate the spectrum between 10-20 GHz in more detail. The MFI bands are 2 GHz wide whereas the TMS bands will be 250 MHz wide covering the complete 10-20 GHz range with one receiver chain and Fourier spectral filter bank. It is expected that the relative calibration between frequency bands will be better known than the MFI channels and that the higher resolution will provide essential information on narrow band interference and features such as ozone. The TMS will study the atmospheric spectra as well as provide key information on the viability of ground-based absolute spectral measurements. Here the novel Fourier transform spectrometer design is described showing its suitability to wide band measurement and √ N advantage over the usual scanning techniques.
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I. INTRODUCTION
There are several microwave instruments that have been designed for CMB spectral measurement (e.g. [1] , [2] , [3] , [4] ). The present plan is to extend the goals of the QUIJOTE-CMB Experiment ( [5] , [6] , [7] , [8] ) by building a new microwave spectrometer in the frequency range [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] GHz. The measurement of the CMB spectrum to the accuracy that will reveal interesting science is particularly difficult because there are many uncertainties that lead to effects of the order of this level. The instrumental thermal-noise due to finite integration times or shot-noise, intrinsic to the CMB photons distribution can be mitigated by daily stacking of a given sky region data since they are randomn effects. Systematics given by pointing calibration, beam characterization, gain and bandwidth mismatch, component non-ideality, etc., become the largest non negligible contribution to uncertainty as the randomn noise is reduced by integration (e.g., [9] , [10] , [11] , [12] ). The systematics generally lie below the noise level through daily observation and can only be seen after various days of stacking data. Fig. 1 shows the schematic diagram of a microwave spectrometer for measuring CMB spectra between 10 and 20 GHz. In order to achieve sufficient sensitivity the front end of a radiometer is cooled in a cryostat to 4-10 K. The cryogenic reference load, opto-mechanics and ultra-LNAs are cooled by a 4 K closed cycle helium gas cooler and maintained at a constant temperature slightly higher than 4 K by actively heating and controlling the coldstage.
The radiometer consists of a pair of novel ultra-wide band meta-horns [13] , one pointed at a cold black body and the other looking out of the cryostat through a transparent window. These feedhorns are both followed by broadband 10-20 GHz waveguide orthomode transducers (OMTs) to couple the two linear polarizations. The polar outputs of both sky and load horns are fed to either arm of a pseudo-correlation radiometer which employs both cold and warm gain and 180 • broadband phase switch to switch the outputs. The correlating elements are 90 • hybrid couplers or ridged waveguide hybrid tees. Each correlator contains two similar low noise amplifiers (LNAs) with a noise temperature of less than 10 K followed by further amplification and a 180 • phase switch in each branch. The phase switches are housed in the back end module (BEM). Finally the load and sky signals are decorrelated in a similar 90 • hybrid coupler or ridged waveguide hybrid tee to that of the input. The outputs of these two hybrids are sent to four identical novel spectrometer banks. The DC output is amplified and then digitized for post processing in an ADC unit.
This spectrometer is to be mounted in a simple telescope mount capable of maintaining the cryostat at a given declination whilst scanning through the azimuth throughout the observation. In order to achieve the goals of the project in both sensitivity, angular resolution and systematics, the spectral resolution shall be no greater than 250 MHz for each sub band, the system temperature shall be no greater than 22 K at any frequency over the band and the sensitivity of the instrument for a given band must be 2 mKs 1/2 or better. The dynamic range of the receiver system shall be from root mean square (RMS) noise at 1 second (1.26 mK or 10 times less than the noise at the switch rate of 100 Hz) to 100 K plus the noise temperature of the receiver (maximum). This gives plenty of margin for any measurements that will be made. There is need of a dynamic range of 10000 or 16 bits minimum in the ADC to adequately sample the noise and measure bright calibration objects in the sky.
In general the scientific requirements of the instrument are very strict in terms of sensitivity and stability. The sensitivity is dependent mainly on the cold frontend amplifiers while the stability is guaranteed by intelligent instrument design. The goals required for the spectrometer are very high spectral stability with a resolution of 250 MHz. The loss and sensitivity are not issues in this part of the instrument because of the high gain stages in the frontend. The overall stability is guaranteed with fast electronic phase switches and a 1 mK stable cold load reference. The spectral stability of the spectrometer is obtained through the design. Each frequency point of a Fourier Transform Spectrometer (FTS) is obtained by the combination of all the detector outputs and any variation in their gain will be reflected in all the frequency points equally. The spectrometer is required to reproduce fourier components of the passband. Any deviations from this ideal can be calibrated using a network analyzer (VNA) at the input and sweeping out a spectrally flat response so that the output of each element can be measured. These outputs can be compared and calibrated against an FTS. No size and weight requirements are, in principle, relevant, since the mounting of the spectrometer has been originally designed for much larger and heavier instruments like the Quijote's MFI and Thirty Gigahertz Instrument (TGI).
In order to design an instrument able to measure the CMB spectral density function a new concept of FTS based on the technology of Instantaneous Frequency Measurement (IFM) receivers has been designed. IFM were used in military technology with the objective of determining the frequency of a received signal, as well as in radar applications. The history and main features of these devices can be found by consulting the references of this document [14] .
Thus, an elegant and simple three-channel design of a Reflection Mode Discriminator receiver for IFM ( [15] , [16] , [17] ) has been converted into an innovative wideband autocorrelator for a novel Fourier Transform based spectrometer.
In the following sections we present this novel concept of FT-Spectrometer for an instantaneous ultra-broadband 10-20 GHz with a modifiable 250 MHz spectral resolution. Since the circuit measures Fourier components of the entire band simultaneously, it will present a signal to noise ratio improved by a √ N factor compared with the regular scanning technique used in other microwave spectrometers, which permits the high sensitivity required for its astrophysical purpose to be obtained. This benefit is known as Fellgett's advantage or multiplex advantage [18] , and makes the TMS theoretically faster than previous spectrometers designed for CMB-measurement (COBE-FIRAS, PIXIE, ARCADE2). On the other hand, a broad instantaneous bandwidth of 10-20 GHz allows an increase of the sensitivity by a factor √ ∆ν at the cost of loosing spectral resolution if this were necessary. Since the entire band of the experiment is measured simultaneously, the TMS relative calibration between bands is expected to be more stable and presents lower uncertainty than the other experiment taking CMB measurements in the same frequency band in the north hemisphere, the Multi Frequency Instrument (MFI) [19] , which presents four bands centered at 11, 13, 17 and 19 GHz with 2 GHz bandwidth, so the higher resolution of the TMS in comparison with the MFI will provide important information on narrow band interferences and features such as ozone.
Alternative designs of planar IFM devices have been published (e.g. [20] , [21] , [22] , [23] , [24] ). However, even in the cases where a 2:1 bandwidth factor is reached, the tendency for these prototypes is to use 4-channel (or more) typologies, while the design here described presents the advantage of being a 3-channel device, saving one channel for each Fourier component. On the other hand, these alternative designs generally do not produce orthogonal Fourier components of the passband shape, so the conversion of these IFM receivers into a FT-Spectrometer is not possible. Another limitation in these designs in comparison with the receiver here presented is the presence of band-pass filters for the discrimination of the signal, because filters are generally limited in bandwidth. Broadband digital spectrometers are very popular too. They provide a complete way to derive high-resolution spectra from a given bandwidth. They are limited in bandwidth (presently 2GHz) due to the speed of FPGAs but this will increase as technology advances. Digital spectrometers trade high resolution with complexity (power consumption, weight, CPU time). For measurements that do not require such high resolution a much simpler system can be designed that is lighter, with low power consumption needing little processing which may be priority in certain spectrometers, e.g., space based spectrometers, multi-channel spectrometers or high frequency spectrometers.
One disadvantage of our design in comparison with the alternative designs is the presence of a 3 channel power divider, which is not as balanced as the regular 2-channel-3[dB] power dividers present in these. We expect that a 2-channel version of our device can be developed and presented in future works, and we also expect that the bandwidth of the device can be also increased based on simulations and preliminary measures.
II. SYSTEM FUNDAMENTALS A. Background
The Michelson spectrograph is based on the Michelson-Morley experiment principle. The light of the source is divided into two beams. One is reflected in a fixed mirror and the other in a movable mirror. The beams interfere, and by making signal measurements in many discrete positions of the moving mirror, the spectrum of the source can be reconstructed.
The equivalent device of a Michelson spectrometer in radio astronomy is FTS. The RF autocorrelator supplants the movable mirror by an artificial delay obtained by dividing the received signal in N-1 parts that are forced to pass through lines of different electric length causing a path delay between them before being combined and measured. This is similar to an array of radio-telescopes applying interferometric techniques. The fundamentals for the signal reconstruction are shown in the Fig. 2 [25] . In Fig. 2 R(τ) is the autocorrelation function, ν is the frequency and τ is the time delay-path so it is possible to write
Since the autocorrelator samples the time average autocorrelation function over an integration time (T) with one or more delays and multipliers of the signal's voltage at two times t and t + τ it is possible to write
B. System Analysis
The spectral element is schematically in presented in Fig.  3 . In this device, three channels with relative phase-shifts of 0, 120 and 240 degrees produce three signal-output voltages V = 1 + cos(ωτ + φ), where ω = 2πν and τ is the time delay.
Thus, each of the three channels introduces a phase shift in the signal ωτ by using delay path length and relative phase shift between each channel of φ due to the transmission line impedance transformers. In this device, the 75 Ω resistance is mounted in parallel with a zero-biased diode detector. At frequencies where the electric length of a short circuited line is a m multiple of λ/2 all the input power will be dissipated in the resistor, whereas at n odd multiples of λ/4 the resistor and therefore the detector see no power because of a standing wave effect. This situation is inverted for a line terminated with an open circuit. Each schottky diode detector measures the power in the corresponding channel of the combined input and reflected waves (after being reflected in the circuit of the device presented in Fig. 3 ), allowing the autocorrelation function R(τ) given by (3) to be obtained. The detector output is subsequently processed through a data acquisition system. The series equivalent resistance to the diode+resistor parallel circuit is approximately R because the characteristic resistance of a Schottky diode is very high compared to the parallel resistor, this arrangement provides a quasi-perfect match to the circuit. Each element similar to the one shown in the Fig.  Fig. 3 : N=1 spectral element schematic. The input signal on the left passes through a wide-band-tee [26] in order to provide a DC ground before being divided into 3 circuits and passing through the τ delay-path with differential φ phase-shifts generating three V out being filtered and sent to the acquisition system in order to be combined and processed.
3 gives a point in the spectrum, so 40 elements (N=40) give a maximum resolution of 250 MHz spectrum in the band 10-20 GHz.
If the output from the detection units of each spectral element is obtained the full autocorrelation function in (3) can be derived. This is represented with the help of the Fig. 4 and it is analyzed in the following lines. It is well known that the response i d per unit of area of the junction of a Schottky diode over its square law region for small signals is given by
where a Taylor series has been applied and V d is the voltage across the diode, η is a factor of order of the unity, V t is the thermal voltage 1 and I s is the reverse saturation current, which depends on the physical characteristics of the diode (see, for example, [27] in order to know more).
Since V d is the addition of the forward and the reflected waves, for the circuit in Fig. 4 we obtain
After some algebra, the substitution of (5) into (4) yields
where the overbraced term DC d is the bias current from the diode, and since for loss-less transmission lines V − = V + , 1 The thermal voltage is given by V t = K B T /q 25 mV at T ∼ room temperature, where K B is the Boltzmann constant and q is the elementary charge.
the last term is the autocorrelation function R φ (τ) from (3) for each line of the 3-channel circuits represented in the Fig.  3 . Note that for any two elements of the N=40 element array bank, τ differs but the relative phase-shift delay φ has the same value for each respective one of the 3 channels.
For our circuit arrangement where all the high frequency terms are filtered before passing to the ADC all the time dependent terms vanishes, (6) can be simplified to
In (7) lossless transmission lines are assumed, so
C. Signal recovering and calibration 1) Theoretical Approach: It is well known that any periodic function f (t) can be approximated with a Fourier Complex Series. That is
where n is the number of harmonic terms, L is the amplitude of the interval or period and the C n terms are given by
It can be seen that the expressions (1) and (9) are similar so the C n terms correspond to the discrete Fourier transform of the spectral density function 2 . The relation is represented in Fig. 5 , where the incoming CMB produces a microwave electronic signal V in cos(ωt) once the photons are captured by the telescope-antenna system and the spectral element provides measurements of a f [cos(ωτ + φ)] function in the time-delay domain which can be derived by the subtraction of pairs of output signals from each circuit 3 in order to eliminate the DC offset, and this can be later converted to frequency domain and calibrated, recovering the spectral density function of the source, i.e., the CMB. 2) Error and Calibration: One of the challenges of the design stage is to keep the phase-shift between circuits flat over an ultra-wideband. Our iterative procedure of simulation-manufacturing-measurement reveals that the relative phase-shift error between any two circuits of the device could be limited to below 2 degrees [28] . This phase-shift error can increase in manufactured prototypes due to imperfections 4 . Thus, it is interesting to estimate the total error introduced by differential phase-shift errors by introducing these error terms in (7) and normalizing for simplicity. This yields
where V 1 is considered the reference of the differential phase-shifts and φ ε i j is the relative phase-shift error between two i, j circuits. From (10) , and considering that 3DC = V1 + V2 + V3 so 3DC ε = V 1 ε + V 2 ε + V 3 ε it is possible to obtain, after some trigonometry, the analytical expression for the error in the estimation of the DC. This is
From (11) , and assuming a lossless system, it can be established that the error in the estimation of the DC output of the channels is a function of the frequency (ω), the delay-path (τ) and the relative phase-shift error terms (φ ε i j ), which although lie within a narrow range are frequency dependent. Simulations reveal that ε DC has values in the range 0-4% for all the possible combinations of relative phase-shift errors φ ε i j = ±2 • . Since the relative phase-shift error function is known and repeatable over the band, it can be calibrated 5 because the system exhibits a high linearity and stability. The linearity is represented in the Fig. 6 . This allows us to experimentally calibrate the response by the same regular techniques used in the MFI instrument calibration, where a 4 In our iterative prototyping, where several procedures are hand-made, the relative phase-shift error is increased by a factor 2 or 3, but we think that it could be much lower by industrial techniques. 5 Together with other systematics.
known input signal (laboratory or source in the sky) produce a unique and calibratable response. In the case of the MFI, calibration results are better than a 2%, while the ongoing TGI calibration reveals that much lower uncertainties in observational calibrations are possible using ground based calibration sources.
3) Uncertainty and Sensitivity: The theoretical uncertainty in terms of RMS of the minimal detectable temperature can be estimated by adapting the well known Dicke's ideal radiometer equation. This is
The system temperature (T sys ) is a well established figure of merit in radioastronomy, ∆ν R is the bandwidth given by the spectral resolution and N is the number of detectors integrating the entire instantaneous bandwidth at the same time for a √ N advantage. For our case where T sys 22 K, ∆ν R =250 MHz and N=40 the expected sensitivity is 0.31 mKs 1/2 for each polarization. Fig. 6 : Prototype linearity. Note that only small signals are measured in order to limit the input signal of the diode to values within the square law region.
III. EXPERIMENTAL SETUP
A proof-of-concept detector unit prototype has been manufactured and measured in the laboratory. The experimental setup is described here. The Data Acquisition System (DAS) is shown in Fig. 7 , and consists of a PXIe-1082 chassis hosting a PXIe-8840 controller, a Dynamic Signal Acquisition analog input module PXIe-4465 with A/D converter of 24 bits to digitize the signal (ADC Delta-Sigma) and a 10 MHz Digital I/O device used to commutate the different phase switch angles (all modules from National Instruments). The DAS runs under Windows and a LabVIEW application has been developed which allows us to acquire the signal of the three channels at different sampling rates as well as to command phase switch commutations (not needed in this experiment). The application also communicates through ethernet, using DCOM technology, with the N5245A PNA-X Microwave Network Analyzer, from Keysight Technologies, allowing us to configure it for different bandwidths, powers, frequencies, etc., to generate the appropriate signal. This software allows the execution of a specific test for some fixed PNA parameters at a phase switch position and also it facilitates the execution of automatic tests by varying some PNA parameters in nested loops as well as the phase switch commutations allowing long terms tests to study the behavior of the signal. A schematic of the configuration is shown in Fig. 8 . Fig. 7 : Experimental test bench. DAS on the left, PNA-source on the right. Fig. 8 : Experimental setup scheme. The stabilized source of the PNA transmits the input signal to the circuit, whose output voltages are sent to a DAS, which stores them and sends them to a computer for the representation and post-processing of the data.
A picture of the prototype and the voltages from measurements are shown in figures 9 and 10 respectively. In Fig. 10 the measured corrected voltages are represented, i.e., since it is known that the perfect DC voltage must present a plane horizontal voltage line, (13) can be applied
where V c is the corrected output voltage, V m is the measured voltage, DC max is the maximum DC voltage measured through the band and DC is the DC voltage. Fig. 9 : Prototype of one detector unit. Approximate dimensions 18x60 mm fabricated in a ProtoMat-S100 machine in a Rogers-4003c laminate.
It is important to note that negative values of voltage could not be measured because of the one-directional nature of a diode 6 . The square law detector measures power absorbed in the load, it is not phase sensitive to the incident or reflected wave but rather sensitive to the standing wave pattern formed by the reflected wave. The measurements in Fig. 10 are in agreement with this. This figure shows a recognizable standing wave pattern of the energy dissipated in each resistance of the three circuits, whose sum provides the DC voltage necessary to obtain the spectral density function. A future experiment using the specific data acquisition system of the TMS would allow us to measure purer signals without spurious effects due to the limitations of the standard laboratory equipment. In the design phase, special attention must be paid to the forward signal divider, since it is also a virtual ground for the reflected voltages, and is sensitive to design or manufacturing errors. Improvements in the circuit given by trial and error measurements in the manufacture of dozens of detection units will allow us to perfectly balance the amplitudes of the 3 voltages coming from each circuit. On the other hand, industrial manufacturing of circuits could be much more repeatable and accurate than possible in a regular R&D laboratory. 
IV. CONCLUSIONS AND FUTURE LINES OF WORK
The working principle of the novel FT-spectrometer has been demonstrated with very promising results.
The TMS will present a √ N integration-time advantage over previous microwave spectrometers, and it will have only static elements and will be small, strong and light, so it could be considered for future space missions. Furthermore, this spectrometer is scalable to higher frequency bands maintaining the 2:1 bandwidth factor, so it could be used in future experiments exploring different spectral regions.
The experimental results were taken using a laboratory DAS. For experimental calibration tests a more advanced, sensitive and stable DAS will be necessary. This DAS is presently being designed and it will allow us to fully complete the instrument.
